␥-Secretase is an intramembrane-cleaving aspartyl protease required for the normal development of metazoans because it processes Notch within cellular membranes to release its signaling domain. More than two dozen additional substrates of diverse functions have been reported, including the Notch ligands Delta and Jagged, N-and E-cadherins, and a sodium channel subunit. The protease is causally implicated in Alzheimer's disease because it releases the neurotoxic amyloid ␤-peptide (A␤) from its precursor, APP. ␥-Secretase occurs as a large complex containing presenilin (bearing the active site aspartates), nicastrin, Aph-1, and Pen-2. Because the complex contains at least 18 transmembrane domains, crystallographic approaches to its structure are difficult and remote. We recently purified the human complex essentially to homogeneity from stably expressing mammalian cells. Here, we use EM and single-particle image analysis on the purified enzyme, which produces physiological ratios of A␤40 and A␤42, to obtain structural information on an intramembrane protease. The 3D EM structure revealed a large, cylindrical interior chamber of ϳ20 -40 Å in length, consistent with a proteinaceous proteolytic site that is occluded from the hydrophobic environment of the lipid bilayer. Lectin tagging of the nicastrin ectodomain enabled proper orientation of the globular, ϳ120-Å-long complex within the membrane and revealed ϳ20-Å pores at the top and bottom that provide potential exit ports for cleavage products to the extra-and intracellular compartments. Our reconstructed 3D map provides a physical basis for hydrolysis of transmembrane substrates within a lipid bilayer and release of the products into distinct subcellular compartments.
images were then used for model refinement. The orientations of the enzyme particles on the supporting carbon film were found to distribute evenly in angular space (data not shown), likely because of the round, globular shape of the active protease. The refined 3D reconstruction is shown in Fig. 2B . A comparison of eight selected reprojections of the refined 3D map (Fig. 2C , rows 1 and 3) with their corresponding class averages (Fig. 2C , rows 2 and 4) revealed essentially the same structural features. The most striking finding was a large, central low-density region measuring ϳ40 Å in the longest dimension that was observed in the center of many of the class averages. The resolution of this map, as estimated by the Fourier shell correlation of two maps calculated separately from two halves of the data set, was ϳ15 Å (Fig. 2D) (14, 15) .
Lectin Labeling Identified the Location of the NCT Ectodomain.
To determine the basic orientation of the complex in the membrane and ascertain whether the top surface in our 3D map (as shown in the first panels of Fig. 2 A and B) faces the extracellular or the cytoplasmic space, we localized the extracellular domain of the enzyme complex by taking advantage of the fact that multiple N-linked oligosaccharide groups occur exclusively in the NCT ectodomain, and that the plant lectin, Con A, can bind their mannose and glucose residues highly specifically. Con A is known to be an asymmetric tetramer (104 kDa) formed by orthogonal association of two homodimers, with four carbohydrate-binding sites exposed at the tip of each monomer (16) . Pure Con A was visible in negatively stained electron micrographs as roughly triangular particles of 30-60 Å in the longest dimension, depending on their orientation relative to the incident electron beam (Fig. 3A) ; this appearance was similar to that reported for Con A (16) . After incubating an aliquot of the purified ␥-secretase complexes with Con A, we selected 20 ␥-secretase particles with a clearly protuberant Con A attachment for further image analysis (Fig. 3B) . Importantly, this protuberance was never observed in ␥-secretase complexes that had not undergone Con A labeling. The density attributed to Con A was then manually masked from the image, and the resulting raw ␥-secretase particle images were classified with the reprojections of our 3D reconstruction in a multireference alignment procedure. This correlative analysis established the assignment of the extracellular glycosylation sites to the top density in the 3D reconstruction. Fig. 3B shows the raw images of four such particles, and Fig. 3C shows the corresponding reprojections of the model when the Con A structure (Protein Data Bank ID code 1AZD) was low-pass filtered and manually placed on the top of the map. We note that the locations of the Con A in the raw images are generally consistent with those in the reprojections, but they are not identical, as expected, because of the multiple Con A binding sites available on the NCT ectodomain at the top of the ␥-secretase complex (16 potential sites). Our lectin-binding analysis therefore revealed that the reconstructed 3D structure of ␥-secretase shown in Fig. 2B (first panel from the left) is oriented with the top density at the extracellular surface and the long axis in the membrane bilayer, so that the smooth and continuous belt-like density (see Fig. 2B and Fig. 4 , described below) faces the hydrophobic lipid environment. This orientation is consistent with the knowledge that all four component proteins (PS1, Aph-1, NCT, and Pen-2) are integral membrane proteins that can be found together in a proteolytically active complex on the plasma membrane (17, 18) .
Structural Description of the ␥-Secretase Map. The 3D map of the ␥-secretase complex was rendered into surface views at a threshold including 80% of the expected molecular mass of the complex ( Fig. 4A and Movie 1, which is published as supporting information on the PNAS web site). The basic structural features and the overall size were not sensitive to the particular threshold used. Purified, active ␥-secretase was an elongated globular structure, with the longest dimension being ϳ120 Å (in the membrane) and the other two dimensions perpendicular to the long axis being ϳ70-80 Å each. A major feature of the 3D map was a belt-like density ϳ60 Å high circumferentially around the particle that is very likely to be the transmembrane portion of ␥-secretase (Fig. 4B) . A typical transmembrane helix, such as the one from rhodopsin structure (Protein Data Bank ID code 1GZM) shown in red, fitted well with the height of the belt-like density (Fig. 4B ). Similar features are often observed in the EM structures of the membrane-embedded portions of membrane protein complexes, such as the proton pumping Vo-subcomplex of the V-ATPase (14) and the voltage-dependent tetrameric K ϩ channel in complex with a Fab fragment (15) . A cut-open view is displayed in Fig. 4C . The most dramatic feature of the structure was the presence of a low-density central chamber. The shape of the chamber was irregular, with a diameter of 20-40 Å. The extracellular density at the top of the map (Fig. 4A , second row) can be attributed to part of the large (669 aa) ectodomain of NCT because it comprises a long extracellular polypeptide (ϳ70 kDa) onto which N-linked oligosaccharide groups are attached. At the display threshold, we observed two openings to the interior chamber: one of ϳ20 Å size (designated H1) facing up toward the exterior of the cell and the other ϳ10 Å in size (designated H2) facing down toward the cytoplasm (Fig. 4A) . We also observed two weak-density regions (asterisks in Fig. 4 A and C) on the attributed intramembrane surface.
Discussion
The most enigmatic feature of ␥-secretase and other intramembrane proteases is their location within the hydrophobic environment of the membrane and yet their requirement for water molecules to accomplish peptide bond hydrolysis. How ␥-secretase releases its two cleavage products into distinct subcellular compartments has also been mysterious. Our 3D EM structure of the purified, proteolytically active, overexpressed human enzyme, which contains only mature complexes and produces physiologically correct ratios of human APP cleavage products, provides plausible explanations for these questions. The observed interior chamber and apical and basal pores would allow The corresponding reprojections of the 3D reconstruction with the atomic structure of Con A low-pass-filtered and placed at the top when the map is oriented in the front view (i.e., as in the first panels in Fig. 2 A and B) .
the entry of water molecules and their sequestration from the lipid surrounded by the proteinaceous microenvironment provided by the many TMDs. The two thin-density regions in the transmembrane portion (labeled with asterisks in Fig. 4C ) may represent sites that could be opened up transiently to enable entrance of the ␣-helically conformed substrates, i.e., the TMDs of various single transmembrane proteins. After a substrate (e.g., C99 of APP or the analogous N⌬E fragment of Notch) enters the proteinaceous central chamber and undergoes hydrolysis by the 2-aspartate-containing catalytic site in PS, the cleavage product that includes the extracellular half of the substrate's TMD (e.g., A␤ or Np3) could be released through the H1 channel to the extracellular surface, and the product that includes the cytoplasmic half of the substrate's TMD plus the intracellular domain (e.g., AICD or NICD) could be released through the H2 channel to the cytoplasm (Fig. 4) .
If the catalytic site is located inside the proteinaceous chamber of our 3D structure, the architectural design of ␥-secretase resembles to some extent that of the well characterized cytoplasmic proteasome (19, 20) . We note that the ␥-secretase may employ a compartmentalization strategy similar to that of the proteasome to prevent uncontrolled proteolysis, given its very broad substrate specificity (21) . Substrate unfolding and gate opening of the eukaryotic proteasomes are tightly regulated by ATPases associated with various cellular activities (AAA)-type proteins (20) . In the case of ␥-secretase, there is now strong evidence that an initial substrate-docking site is near to but physically distinct from the catalytic site (22) . The 3D EM structure reveals no apparent opening in the transmembrane portion of the complex through which a docked TMD substrate could translocate into the central chamber. We postulate that there may be a gate-opening mechanism at the two low-density lateral regions of the intramembrane barrel that can transiently modify the conformation of some of the TMDs. A lateral gate-opening mechanism was recently proposed for the proteinconducting channel of Sec61 that enables the translocation of TMDs into the lipid bilayer (23) . In the case of ␥-secretase, a related mechanism could account for the opposite direction of TMD translocation: from the lipid bilayer into the central proteinaceous chamber.
Using the natural affinity of lectins for the glycosylated ectodomain of NCT allowed its localization within the complex and revealed that it partially covers the top of the chamber, limiting the size of the H1 opening to ϳ20 Å. This position of the NCT ectodomain suggests a role as a type of flexible lid that could regulate the entry of water molecules into the central chamber and the exit of hydrophilic ectodomain products. This localization is also quite consistent with the recent discovery that NCT acts as a type of receptor that binds the extracellular amino terminus of a substrate to facilitate its subsequent endoproteolysis by ␥-secretase within the membrane (24) .
Attempts to record cryo-electron microscopic images of ␥-secretase are underway, but much more purified enzyme will be needed. However, faithful structures of a large number of protein complexes have been determined at medium resolution from images of negatively stained particles such as those we have analyzed (14, 15, (25) (26) (27) . This structural analysis of an intramembrane-cleaving protease reveals a globular architecture of the physiologically active ␥-secretase complex, with the long-axis in the plane of the membrane, a sizable interior chamber, and discrete openings to the extracellular and cytoplasmic spaces. We believe that the overall architecture and the interior chamber of the complex are well determined from the negatively stained samples, but the precise sizes of the two openings cannot yet be specified because they could be affected by the local stain salt affinity and the relatively limited resolution. On the basis of these initial views, further structural and biochemical studies examining expressed, purified ␥-secretase complexes that bear natural or artificial mutations in the subunit proteins will now build on this information to steadily refine the EM structure and reveal details of its unusual mechanism.
Materials and Methods
Purification of ␥-Secretase. The multistep procedure for the highgrade purification of human ␥-secretase from the ␥-30 cells was performed as described in ref. 8 , except that the III-31C affinity purification step was omitted.
In Vitro ␥-Secretase Assays. By using the recombinant APP-based substrate C100Flag and the recombinant Notch-based substrate N100Flag, ␥-secretase assays were performed as reported in refs. 28 and 29. Briefly, the proteolytic reaction mixtures contained C100Flag or N100Flag substrate at concentrations of 1 M, purified ␥-secretase solubilized in 0.2% 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO)-Hepes (pH 7.5, at 10-fold dilution from stock), 0.025% phosphatidylethanolamine (PE), and 0.10% phosphatidylcholine (PC). All reactions were stopped with 0.5% SDS, and the samples were assayed for A␤40 and A␤42 by ELISA as described in ref. 30 or electrophoresed on 4-20% Tris-glycine gels and transferred to poly(vinylidene difluoride) membranes to detect AICD-Flag with anti-Flag M2 antibody (1:1,000; Sigma) and NICD with Notch Ab1744 antibody (1:1,000; Cell Signaling Technology), which is selective for the N terminus of NICD. Aliquots of the same samples were blotted onto nitrocellulose membranes to detect A␤ with the antibody 6E10. The ␥-secretase inhibitor III-31C was prepared as described in ref. 28 and added to the reaction mixtures from a DMSO stock (final DMSO concentration of 1%, which alone did not affect ␥-secretase activity). Lectin Labeling. The lyophilized Con A was purchased from Sigma. A stock solution of 5 mg͞ml was prepared in a buffer (10 mM Hepes, pH 7.0) containing 50 mM NaCl, 1 mM CaSO 4 , and 1 mM MnCl 2 . The mixture of Con A and ␥-secretase at the molar ratio of 3:1 was incubated on ice for 30 min before making EM grids.
EM. The purified ␥-secretase complexes were applied to glowdischarged carbon-coated copper grids, and excess solution was blotted before staining with uranyl acetate (2%) for 30 sec. The stain was blotted, and the grids were left to air dry. Images were recorded under low dose condition (10 e͞Å 2 ) in a JEOL JEM 1200EX electron microscope operated at 120 kV with a magnification of ϫ50,000 and a defocus of 1.5-2.0 m. The beststained regions were selected with a charge-coupled device camera before recording the images on Kodak SO-163 negative film. Micrographs were inspected with an optical diffraction apparatus, and only micrographs without drift and astigmatism were further processed. The micrographs were digitized with a Nikon Super Coolscan at a step size of 12.7 m, corresponding to a pixel size of 2.54 Å at the sample level. The size of digitonin micelles, as observed in EM grids prepared from a digitonin solution at the same concentration and buffer condition as that of the purified ␥-secretase preparation, was ϳ40-50 Å. Thus, the detergent micelles were clearly distinguishable from the much larger ␥-secretase particles.
Image Analysis and 3D Reconstruction. Image analysis was carried out with SPIDER (31) and EMAN (32) . By using SPIDER, the defocus and amplitude contrast for each EM image were found, and these parameters were used for correcting the effect of the contrast transfer function. Raw particle images were subjected to reference-free classification through multivariate statistic analysis. For asymmetrical particles, it is essential to establish a reliable starting model. We used three approaches for this purpose: a Gaussian ellipsoid with added noise model; a starting model calculated from selected class averages based on crosscommon line technique; and a model from the random conical tilt method. These methods resulted in similar but not identical structures. In the random conical tilt method, the models from different views were remarkably similar with high correlations, therefore these models were merged to serve as the starting model for projection-matching-based refinement. The convergence of the refinement process was monitored by examining the Fourier shell correlation between the successive 3D reconstructions. A total of 12,000 particles were used to calculate the final map. The resolution of the map was estimated by the Fourier shell correlation of two maps calculated separately from two halves of the data set. The map was low-pass filtered to the estimated resolution and rendered into surface views with CHIMERA (33) .
